Hepadnaviruses are a family of small, enveloped DNA viruses that include the human hepatitis B virus, woodchuck hepatitis virus (WHV) (27) , ground squirrel hepatitis virus (19) , and several avian hepatitis viruses, including duck hepatitis B virus (DHBV) (20) . These viruses display profound liver tropism and cause chronic liver infections in each of their hosts. During an infection, viral relaxed circular DNA is converted into covalently closed circular DNA which is found in the nuclei of infected hepatocytes (30) . These covalently closed circular DNA molecules are about 3 kb and act as the templates for transcription (by cellular RNA polymerase II) for all viral mRNAs. In DHBV, there are three promoter regions responsible for directing synthesis of two classes of transcripts (17) . First, the pregenome promoter drives transcription of a terminally redundant RNA (3.5 kb) whose cap site is present at nucleotide 2529 (1) . Generation of the terminal redundancy requires that the unique polyadenylation signal be bypassed during transcription on the first encounter and utilized efficiently on the second encounter. The polyadenylation signal in DHBV is the canonical hexanucleotide sequence AAUAAA that is found almost universally at the 3Ј ends of most eukaryotic RNAs (22, 33) . There are also GU-rich elements found 30 to 50 nucleotides downstream of this signal which contribute to 3Ј-end processing (11, 21) . The resulting pregenome RNA serves two functions. It is the mRNA that is translated into the viral core and polymerase proteins, and it also serves as the nucleic acid species that is packaged into capsids with the polymerase protein and reverse transcribed to form the minus strand of the viral DNA (26) . The other promoter regions contain sequences that direct the synthesis of subgenomic messages, pre-S (2.4 kb) and S (2.1 kb), that code for the surface proteins found in the viral envelope (17) . These envelope transcripts initiate at nucleotides 732 and 740 (pre-S) and 985 (S) (numbering system of Mandart et al. [18] ). The cap sites of these subgenomic messages are, respectively, 1224, 1232, and 1477 nucleotides downstream of the pregenome start site and are polyadenylated at their first encounter with the poly(A) signal (1) .
We have previously reported the presence of two cis-acting elements in DHBV that influence viral transcription in plasmid expression vectors (14) . The first element, called pet, for positive effector of transcription, is located within a 60-nucleotide segment in the 5Ј untranslated region of the pregenome. Deletion of pet caused a dramatic reduction in the amount of pregenome detected in transfected cells, whereas the level of envelope mRNA was increased. The second element we have called net, for negative effector of transcription. net activity was located within a large region 500 to 1,200 nucleotides downstream of the pregenome cap site, just upstream of the envelope promoters, and was first identified in plasmid expression vectors that lacked pet (14) . When net was deleted in such constructs, pregenome transcription was restored to wild-type levels. These results, and others (2), suggested that pet was required to overcome a transcription block in the net region. net activity may be due to the presence of multiple functionally redundant elements since partial deletions within the region produce partial defects in function. The phenotypes of these two elements, pet and net, were identified in plasmid clones containing viral sequences that were colinear with the viral pregenome; however, viral transcription in vivo occurs from a circular viral DNA monomer. We proposed that in the natural template, net may function to terminate transcription, and pet is required to read through the terminator elements during the first passage of RNA polymerase II, ensuring proper pregenome synthesis.
In this report, we show that the DHBV pet and net elements function in the transcription from circular viral DNA monomers, the authentic transcriptional templates. Deletion of pet from circular DNA monomers showed a marked reduction in pregenome expression accompanied by an increase in envelope transcription, in agreement with previous results that we obtained in analyses using the plasmid constructs. When net was deleted in circular DNA monomers, we found a novel phenotype: the efficiency of 3Ј-end formation during viral transcription was less than the wild-type level, resulting in the accumulation of high-molecular-weight transcripts. These ob-servations are consistent with our model that the net region may be involved in transcriptional termination on the natural viral template and that in DHBV the pet element is required to transcribe through this region during pregenome synthesis. In addition, we report the presence of a region with net-like activity in the mammalian hepadnavirus WHV.
MATERIALS AND METHODS
Plasmid construction. Plasmids used in this study were constructed by using standard cloning techniques (25) . Convenient restriction endonuclease sites were used to cut plasmids, and ends that were incompatible were treated with the Klenow fragment of DNA polymerase I to form blunt ends, followed by ligation with T4 DNA ligase (New England Biolabs). DHBV strain 16 was used in all constructs described here (18) . All plasmids contained approximately 1.45 viral genomes (DHBV sequences from the BamHI site at nucleotide 1658 to the EcoRI site nucleotide 3021 followed by a complete EcoRI copy of the genome) cloned into pSP65 vectors. Plasmids pDV1.5wt, pDV1.5⌬6 (pDV1.5⌬pet), pDV1.5⌬13, pDV1.5⌬14, pDV1.5⌬15 (pDV1.5⌬net), and pDV1.5⌬17 have been described previously (14) , and the locations of the various deletions are shown in Fig. 1 . In addition, plasmid ⌬18 was constructed by deleting the fragment between NsiI (nucleotide 2849) and EcoRI (nucleotide 3021/1) in the 5Ј copy of plasmid pDV1.5wt. These parent plasmids were used to generate the DHBV DNA monomers described below and shown in Fig. 1 .
Chimeras of DHBV and WHV were derived from parent clones containing DHBV sequences (pDV1.5wt and pDV1.5⌬pet) and WHV sequences (pCMV82, a gift from Christoph Seeger) (16) . Chimeras contained the 5Ј copy of DHBV sequences from BamHI (nucleotide 1658) to the HindIII site (nucleotide 14). This sequence lacking the net region was ligated to a complete monomer-length genome of WHV generated by HindIII digestion (nucleotide 2190). A set of nested deletions (⌬113, ⌬341, ⌬625, ⌬858, and ⌬1130) in the putative WHV net region was created by using convenient restriction endonuclease sites (see Fig.  4A ).
DHBV monomer synthesis. Monomer-length DHBV genomes were excised from parent plasmids ( Fig. 2A ) by using BstEII (nucleotide 1847). We chose BstEII because it can be ligated to other cut fragments only unidirectionally. Therefore, any multimers that are generated during ligation will maintain the correct sequence arrangement (head to tail), minimizing aberrant transcription from these constructs. These fragments were ligated in a 5-ml reaction in vitro at 16°C in 1ϫ T4 ligase buffer (50 mM Tris-HCl [pH 7.5], 10 mM magnesium acetate, 0.1 mM rATP, 0.8 mM dithiothreitol, 0.01% Triton X-100) with 10 U of T4 DNA ligase for 16 h. Preliminary experiments showed that a DNA concentration of 5 g/ml yielded predominantly monomer-size ligation products (Fig.  2B ). The DNA from these ligations was concentrated by using 1-butanol (25) and then precipitated with 3 volumes of ethanol. The DNA was cut with ScaI to linearize DNA that contained pSP65 vector sequences, either before ligation or after DNA concentration.
Cell culture and transfection. The chicken hepatoma cell line LMH (6, 15) was used for all transfections. Plates (60-mm diameter) were seeded with 2.5 ϫ 10 6 cells in F-12-Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. Twenty-four hours after plating, transfections were carried out by the calcium phosphate coprecipitation method (13), using 10 g of DNA (plasmids) or 10 to 20 g of DNA (monomers). Some experiments also included 4 g of plasmid pRSVneo (12) to normalize the levels of viral RNAs expressed in transfected cells by the use of neo-specific probes. This plasmid uses the Rous sarcoma virus long terminal repeat promoter to drive the synthesis of a mRNA that contains Escherichia coli Tn5 aminoglycoside phosphotransferase sequences (neo) and was used here as an internal control to determine transfection efficiency. The DNA precipitate was added to plates containing 4 ml of new medium. The medium containing the DNA transfection mixture was replaced with fresh medium after 16 to 18 h. After an additional 30 or 36 h, plates were harvested by removing the medium and washing the cells with HEPES-buffered saline (2 mM HEPES, 150 mM NaCl [pH 7.45]) containing 0.5 mM EGTA.
Viral RNA analysis. Total RNA was isolated from transfected cells by the acid phenol-guanidinium isothiocyanate method (4) . Briefly, cells were lysed with acidified (pH 4.0) 4 M guanidinium isothiocyanate and extracted twice with phenol-chloroform. Total RNA was precipitated with 1 volume of isopropanol. The pellet was washed once with 70% ethanol and once with 100% ethanol, followed by glyoxalation at 50°C for 1 h. One-tenth of a sample was electrophoresed through a 1% agarose gel and transferred to a nylon membrane. The membrane was probed with in vitro-synthesized, 32 P-labeled RNA to detect either viral plus strands or mRNAs transcribed from pRSVneo as described previously (14, 31) . Results were examined by autoradiography and/or PhosphorImager analysis using the ImageQuant software package (Molecular Dynamics).
RESULTS
pet is required for pregenome transcription from circular viral monomers. Circular DHBV monomer DNAs containing the pet deletion were synthesized in vitro and transfected into LMH cells, and virus-specific mRNAs were analyzed by blot hybridization. The results are shown in Fig. 3A . In the absence of pet, transcription from the pregenome promoter was reduced whereas transcription from the envelope promoters was elevated. In four separate analyses where viral RNA was normalized to quantified neo RNA in the same sample, the level of pregenome RNA was 6-to 12-fold higher with the wild-type monomer DNA (M wt) than with monomer DNA that lacked the pet element (M ⌬pet). These same experiments showed that viral envelope mRNA levels were three-to fourfold higher with M ⌬pet than with M wt. These results were in agreement with earlier observations in assays using plasmid clones and suggest that the reduction or elimination of transcription from the pregenome promoter relieves transcriptional interference from the viral envelope promoters (14) . Moreover, since the requirement for pet during pregenome synthesis was previously shown to depend on the presence of net, the results indicate that the negative function of net is expressed in the monomer template.
The net region is required for efficient 3-end formation. Transfection experiments were used to look at the effect of the net deletion (M ⌬net) on the formation of viral transcripts from circular monomer templates. An analysis of DHBV-specific RNA isolated from transfected LMH cells is shown in Fig.  3 . In cells transfected with M wt, we observed the pregenome (3.5-kb) and envelope (2.1-to 2.4-kb) mRNAs as the predominant RNA species. In addition, a ladder of higher-molecularweight transcripts was evident. Large transcripts have been previously found in infected liver (1, 28) and have been attributed to RNA polymerase II completing multiple transcriptional circuits around the circular viral DNA template before termination. A comparison of these bands to additional molecular size markers (data not shown) revealed that the discrete bands were separated by approximately one genome length. Therefore, the production of these large transcripts is consistent with a defect in the efficiency of 3Ј-end formation that occurs during transcription of the circular DHBV DNA monomer.
As shown in Fig. 3C and Table 1 , the ratio of single-length pregenome (1ϫ) to larger-molecular-weight transcripts (2ϫ, 3ϫ, and Ն4ϫ) was altered in cells transfected with M wt and M ⌬net. In cells transfected with M wt, 1ϫ pregenome was the predominant species, representing approximately 70% of the total RNA in these experiments. With M ⌬net, however, larger transcripts clearly predominated and 1ϫ pregenome in these experiments constituted only 10 to 20% of the total RNA. When transfection efficiency was taken into account, there was no difference in the total amount of viral RNA present in these samples. PhosphorImager analysis suggests that the net phenotype also applies to the envelope transcripts. However, the resolution of larger multimeric envelope transcripts is poor (small peaks and shouldered peaks to the right of labeled peaks in Fig. 3C ), and we cannot confirm this conclusively. These data suggest that, in addition to a functional poly(A) hexanucleotide signal, there are elements present in the net region that are also required for 3Ј-end formation.
The elements that confer the net phenotype observed with DNA monomers are contained within the 700 nucleotides upstream of the DHBV pre-S envelope promoter. Huang and Summers reported the presence of a negative effector region (now referred to as net) that conferred pet dependence on pregenome transcription (14) . We wanted to know whether the phenotype of net in DHBV DNA monomers mapped to the same sequences as the region conferring pet-dependent transcription observed previously. We synthesized circular DHBV DNA monomers from clones with deletions in and around the net region (Fig. 1) (14) . Ratios of the various transcripts made by these mutants after transfection into LMH cells as circular monomers are summarized in Table 1 . As shown in Fig. 3B , deletion of the complete sequence between nucleotides 1 and 720 resulted in predominantly multimeric forms (2ϫ, 3ϫ, and Ն4ϫ) and less 1ϫ mRNA. Partial deletions, spanning approximately the 5Ј and 3Ј halves of the net region (M ⌬13 and M ⌬14), produced less severe defects in 3Ј-end formation, as indicated by intermediate amounts of 1ϫ transcripts compared to the larger species. Therefore, net activity appears to be the result of the functioning of two or more components, either of which is partially active on its own. These components were not distinguished from those responsible for pet dependence and lay between nucleotides 1 and 391 and between nucleotides 391 and 720. Deletions outside the original net region (M ⌬17 and M ⌬18), however, showed little apparent defect, as reflected by their near-wild-type ratios. Therefore, we concluded that the elements required for efficient 3Ј-end formation in the transcription of DNA monomer templates were present in the same region as those that were responsible for pet-dependent transcription of DHBV plasmid clones. A functionally analogous net region is present in WHV. We previously proposed that the circular topology of the hepadnaviral transcriptional template may dictate a requirement for a transcription terminator, potentially net. If this is so, a functionally similar element should be present in an analogous position in other hepadnaviral genomes. We wanted to investigate whether a net-like region was present in the mammalian hepadnavirus WHV. The presence of such a region in WHV would be predicted to confer a requirement for pet on transcription through the WHV genome when driven by the DHBV pregenome promoter. Use of the DHBV pregenome promoter was necessary due to its dependence on its pet element; no equivalent element has been identified in WHV.
We tested the WHV genome for the presence of a functional net region by constructing plasmids in which a complete copy of the WHV genome was cloned downstream of the DHBV pregenome promoter in the presence or absence of the DHBV pet element. This promoter was predicted to drive transcription of a DHBV-WHV chimeric pregenome (3.7 kb) that would contain approximately 500 nucleotides of DHBV sequence at its 5Ј end (from the cap site to the HindIII site at nucleotide position 14) followed by WHV sequences that would terminate at the WHV poly(A) site. Using clones with this chimeric arrangement, we made a set of nested deletions extending into the predicted net region of WHV (Fig. 4A) . These plasmid clones provided a system where we could map the position of net in WHV by comparing transcripts made from templates that contained pet to those made from constructs that lacked pet.
These plasmids were transfected into LMH cells, and RNA was analyzed by blot hybridization (Fig. 4B) . The results showed that the size of the largest transcript for each sample corresponded to the predicted size of a chimeric pregenome transcript initiated at the DHBV promoter and terminated at the WHV poly(A) signal. The production of this transcript was found to be dependent on the presence of the DHBV pet element in the chimeric transcription unit (Fig. 4B) . In addition, pet dependence was displayed by a set of smaller transcripts approximately 3,300 and 3,000 nucleotides in length. These transcripts contained both WHV and DHBV sequences, and they hybridized to probes specific for the 5Ј end of the DHBV pregenome. Their detection was dependent on the presence of pet, and they were therefore presumably driven by the DHBV pregenome promoter. We suspect these transcripts were an artifact of fusing DHBV and WHV sequences, but we have not attempted to further characterize them. In contrast to the chimeric transcripts of the DHBV pregenome promoter, the WHV envelope transcripts (Fig. 4B) produced by the authentic WHV envelope promoters were independent of pet.
Analysis of the RNAs made by the deletion mutants revealed that the smaller deletions (⌬113 and ⌬341) did not affect the pet dependence of the chimeric pregenome. In contrast, RNAs isolated from transfections of plasmids with the larger deletions ⌬625 and ⌬858 contained only a small amount of pregenome in the absence of pet, suggesting some elements that contribute to pet-dependent transcription may have been deleted. Finally, the largest deletion, ⌬1130, completely eliminated the requirement for pet for pregenome production, indicating that this deleted region contained sequences that cannot be transcribed by the DHBV promoter without pet.
These results for DHBV-WHV chimeras demonstrated that a region between nucleotides 2190 and 3320 in the WHV genome contains elements that are functionally analogous to net in DHBV. This region is located in a position similar to that of the DHBV net, that is, between the poly(A) signal and the envelope genes.
DISCUSSION
Current models for the generation of mature polyadenylated 3Ј ends of eukaryotic mRNAs envision a role for cis-acting signal sequences in positioning and activating utilization of the polyadenylation site (32) . Foremost among these is the nearly universal polyadenylation signal sequence, AAUAAA, that occurs approximately 10 to 35 nucleotides upstream of the actual cleavage and polyadenylate acceptor site. This signal sequence, however, is usually insufficient to determine that the distal site will be used efficiently for cleavage and polyadenylation. Additional potentiating influences in 3Ј-end formation include signals that are found short distances upstream or downstream in the nascent RNA transcript and serve as binding sites for assembly of a stable cleavage and polyadenylation complex (32) . The ability to form such a cleavage complex, in turn, has been correlated with efficient transcription termination at specific regions located more distantly downstream. The mechanism for cooperativity between the polyadenylation sites and downstream transcription termination signals is not fully understood but has been proposed to involve site-specific pausing of transcription (8, 9) . As discussed below, our data suggest that a distant downstream region with certain characteristics of a termination region is required for efficient 3Ј-end formation in DHBV.
The topology of the hepadnaviral DNA template, a covalently closed double-stranded circular monomer of the viral DNA, imposes special requirements for generating the terminally redundant RNA pregenome transcript. Transcription of the pregenome must proceed through the polyadenylation site without its utilization, but on the second pass through the same region, these signals must be efficiently used to form the mature RNA. In addition, we speculate that transcription termination and removal of transcription complexes would have to occur actively on this small circular template to provide access to new transcription complexes. Termination signals, therefore, like polyadenylation signals, would also require bypassing on their first encounter by RNA polymerase II but utilization on their second encounter.
The strategy for differential utilization of signals for polyadenylation was clarified previously for a mammalian hepadnavirus. These studies showed that sequences upstream of the pregenome cap site, which were present only in the full-length pregenome transcript, were required for polyadenylation downstream of the ground squirrel hepatitis virus signal sequence UAUAAA (3, 23, 24) . Thus, nascent transcripts formed during the first pass of the region by RNA polymerase II would not contain all potentiating signals for proper 3Ј-end formation.
In this study, we suggest that sequences more distantly downstream of the polyadenylation site, which we have called net, are also necessary for 3Ј-end formation. This conclusion arises from our observation that deletion of net, a region between 180 and 1,000 nucleotides downstream of the polyadenylation site, from the circular monomer template resulted in the production of a high proportion of read-through transcripts in transient expression assays. We cannot exclude the possibility that this phenotype is due to some posttranscriptional defect, such as reduced stability of the single-length transcript lacking the net region compared to larger species or to the wild-type messages. However, for each construct, the large transcripts contain (or lack) the same sequences as the single-length transcript. For this reason, we feel that there would be no dramatic effect on their stabilities due to sequence variation. In addition, we have found that there is no difference in the total amount of viral RNA detected in the M wt and M ⌬net samples as might be expected if RNA stability was in question for transcripts that lack net compared to those with wild-type sequences. We also know from transfections of plasmid clones that wild-type pregenomes and pregenomes that lack net do not show any differences in the amounts of these RNAs detected, which suggests that RNAs that lack net are no less stable than those that contain net.
The net region was found to coincide in location with an element that we previously showed to exert negative effects on transcription from DHBV plasmid templates (14) . The negative effects, which we proposed were due to stalling or termination of transcription within the element, could be suppressed by an RNA element at the 5Ј end of the nascent transcript, which we called pet. We postulated that the function of pet was to suppress the negative effects of what we here call net during the first pass of the RNA polymerase around the genome. During the second pass, net would function in transcription termination.
This study lends indirect support to a role for net in transcription termination since RNA polymerase II pausing or blockage has been postulated to play a role in both 3Ј-end formation and termination (8, 9) . Moreover, net has some of the properties of known RNA polymerase II termination regions. Termination may take place over large regions downstream of the polyadenylation site (5, 7, 29) . Both the size and position of net are consistent with such a transcription termination region. In addition, like net, termination regions may contain multiple elements that are independently active (7, 10, 29) . In two experiments using partial deletion mutants, M ⌬13 and M ⌬14, that roughly divide the net region in half, we showed that each produced a partial reduction in the efficiency of 3Ј-end formation. We believe these results suggest that there were at least two independently active elements in net, and we do not exclude the possibility of multiple elements throughout the region. Further analysis of the functional sequences involved is necessary to clarify this point.
We used the DHBV pregenome promoter with or without its associated pet sequence to detect a region of the WHV genome with a net-like function. The region containing this activity was found downstream of the WHV polyadenylation site in a position analogous to that of net in DHBV. In addition, the size of the region containing WHV net is probably large like that for DHBV net; however, our data do not allow us to attribute its size to the presence of multiple independently active elements. Nor have we tested directly whether deletion of this region in the WHV genome results in defects in 3Ј-end formation as in DHBV, since the WHV pregenome promoter is inactive in all cell lines tested so far.
No pet element associated with the 5Ј end of any of the mammalian hepadnaviral pregenome transcripts has been described despite extensive studies of cis-acting functions in this region (10a) . If no such element exists in the mammalian hepadnaviruses, then the question arises as to how differential utilization of the putative net signals would be achieved during the first and second passages of the region by RNA polymerase II. It is possible that the pregenome promoters of the mammalian hepadnaviruses contain DNA sequences that carry out a function analogous to that of the DHBV RNA element pet.
